Abstract: Solar energy is one of the most promising types of renewable energy. Flat facet solar concentrators were proposed to decrease the cost of materials needed for production. They used small flat mirrors for approximation of parabolic dish surface. The first prototype of flat facet solar concentrators was made in Australia in 1982. Later various prototypes of flat facet solar concentrators were proposed. It was shown that the cost of materials for these prototypes is much lower than the material cost of conventional parabolic dish solar concentrators. To obtain the overall low cost of flat facet concentrators it is necessary to develop fully automated technology of manufacturing and assembling processes. Unfortunately, the design of known flat facet concentrators is too complex for automation process. At present we develop the automatic manufacturing and assembling system for flat facet solar concentrators. For this purpose, we propose the design of flat facet solar concentrator that is convenient for automatization. We describe this design in the paper. At present, almost all solar-energy plants in the world occupy specific areas that are not used for agricultural production. This leads to a competition between the solar-energy plants and agriculture production systems. To avoid this competition, it is possible to co-locate solar-energy devices in agricultural fields. The energy obtained via such co-location can be used for agricultural needs (e.g., water extraction for irrigation) and other purposes (e.g., sent to an electrical grid). In this study, we also describe the results of an investigation on co-location methods for the minimal loss of agricultural harvest too.
Introduction
In this study, we propose the integration of solar devices in agro-ecosystems. This theme has attracted attention from researchers around the world. Preliminary studies in this area have been performed in different countries, such as the United States, Italy, and Spain [1] [2] [3] .
In [1] , three principles are considered for the incorporation of solar devices into agro-ecosystems: 1. the agricultural crops comprising the agro-ecosystem, 2. the solarenergy production, and 3. the integration of the solar devices into the agro-ecosystems. For the first principle, the task is to maximize the biomass production and minimize the changes in the production systems. Energy-production devices are placed in existing fields, and the agricultural production does not change drastically. For the second principle, the task is to maximize the solar-energy output and minimize any changes to the standard technology for acquiring solar energy, thus encouraging agricultural development around renewable-energy facilities. For the third principle, the task is to combine both the aforementioned aspects and gain advantages by increasing the biomass and the power capacity of the solar devices. In this study, we focused on the third approach.
It has been demonstrated that solar energy systems can contribute to agricultural systems via wind-erosion reduction and water conservation.
The first problem that must be solved is the selection of the types of solar concentrators and the agricultural crops that are suitable with these concentrators. Solarenergy requirements vary among crops according to their metabolism (C3 and C4 plants), particularly to the point of light compensation in the phenological stage, in such a way that the designs of solar concentrators and methods of positioning (distance and altitude of the posts) can generate different percentages of energy yields in accordance with the requirements of the selected crops. The solar concentrator can generate more energy if it has a parabolicdish form with two axes for sun tracking. This type of solar concentrator can operate in two modes: 1. the mode of capturing the solar energy, where the parabolic dish axis is oriented towards the sun; and 2. the mode of minimum shadow generation, where the axis of the parabolic dish is perpendicularly oriented towards the sun. This permits us to use an optimal strategy for solar-energy generation and thus achieve better crop growth.
On the other hand, each site of the solar concentrator has components that can be used to store rainwater for irrigation and for catching rainfall near or around the posts. The rainwater-capturing device may resemble an inverted umbrella that is opened during rain and closed when there is no rain. The stored water can be used for irrigation using the solar-energy.
Our hypothesis is based on the concept of solar-device placement in areas occupied by agricultural crops, such that the interference between the solar devices and the crops is minimal and thus the solar devices benefit the agricultural crops (Figure 1 ). We aim to investigate the possibilities of solar-energy device placement in areas occupied by agricultural crops considering the specific conditions of arid and semi-arid regions. As the first step, on the basis of the literature, we select agricultural crops and solar concentrators to be placed in a given area. The second step involves the design and development of solar concentrator prototypes, as well as their installation in an experimental agricultural field. The third step involves the manufacture of prototypes and the installation of solar concentrators. The fourth step involves the conduction of experiments for obtaining data regarding the optimal strategy for the placement of the solar hubs in the agricultural crops. The fifth step involves the development of the first version of an optimal strategy for the placement of solar concentrators in agricultural crops. The sixth step involves the development of rainwater-storage prototypes. The last step involves the manufacture of new prototypes with parameters obtained after experimental tests with first prototypes. At present, we are at the first step.
The placement of solar devices in different crops, such as, agave, sunflower, and aloe [3] [4] [5] [6] has been investigated previously, but there is a lack of research on crops that are common and popular in Mexico, such as bean, corn, and amaranth. In many studies, solar devices based on flat photovoltaic panels have been analyzed. These panels have a low ratio of the solar energy to the shade area. A higher ratio is achieved by using parabolic dish-type solar devices with two axes for sun tracking. It is interesting to investigate the possibilities of parabolic-dish placement in the crops important for Mexico.
Our research group developed, manufactured, and assembled solar parabolic dishes based on flat mirrors [7, 8] . We began to develop flat-mirror solar concentrators shaped as a parabolic dish. Our work was first published in an international journal in 2008 [9] . On the basis of these developments, we applied for, and obtained seven patents: four in Mexico, one in the United States, and two in Spain [10] [11] [12] [13] [14] [15] [16] .
Among the important agricultural crops for Mexico, the staple crops of corn (Zea mays L.), bean (Phaseolus vulgaris L.), and another bean (Phaseolus coccineus L.) were selected. They grow with restrictions of the solar-energy intensity and the drought periods. These plants require supports or a trellis for growth, and because of the canopy size, they cast a shadow over everything in the lower tiers, for example, corn-bean [17] and sunflower-bean [18] , limiting the growth and cultivation of these lower plants. Under this condition, we can select alternative crops of nutritional interest for production of unsaturated oil, for example, sunflower (Helianthus annuus L.) and canola (Brassica napus L.). For agriculture that requires irrigation, especially if the water is extracted from the soil via electrical energy, the use of solar prototypes can reduce the cost of the crop production in the agro system. The solar concentrators installed among the crops are appropriate for increasing the rate at which the solar energy is applied to the shaded area of the plants compared with photovoltaic panels. The water stored by the proposed prototypes is important for the further development and quality of the agro system. The farmers can achieve greater income from their crops, and the deficit of food production in the country can be reduced.
The primary aims of this study are to develop a scheme for the placement of solar concentrators among agricultural crops that are important for Mexico and to develop an optimal strategy for the placement of these solar concentrators in different stages of crop growth. Additionally, we hope to identify the main parameters for the placement of solar concentrators in agricultural areas (for example, the height of posts and distance between posts). Herein, we describe an additional result: a new solar-concentrator design that we developed and manufactured. An additional task is rainwater collection using the same solar concentrator.
Currently, renewable-energy plants are usually placed in exclusive areas selected for this purpose. Government support allows renewable-energy companies to pay a higher income per field than agricultural companies can pay. Thus, renewable energy appears as a competitor of agricultural farms. This situation can be improved by placing solar devices in areas occupied by agricultural crops. The potential impact of this work is the preservation and more efficient usage of land area. Other impacts of the placement of solar concentrators in farmland have been identified. The capture and storage of rainwater is the first impact of the use of solar concentrators at the same sites. Saving rainwater is very important, particularly for crops grown in areas with water-limiting conditions, such as arid and semi-arid areas, as well as for crops grown under "temporary" conditions; i.e., the crop can only be grown during abundant rainfall. In Mexico, approximately 74% of the agricultural production occurs under this condition.
The infrastructure set up for the installation of solar devices allows for the introduction of autonomous robots that use an electric power supply similar to that of trolleybuses. This infrastructure allows the robots to solve navigation problems, giving rise to electrical energy that is cheaper than energy obtained from oil, and can enable the automation of agricultural operations (preparation of the soil, control of pests, etc.).
The development of new solar concentrators and other devices is needed. Section 2 describes the new solarconcentrator design.
Solar concentrator
This solar-concentrator design belongs to the area of solarenergy collection and can be used for manufacturing lowcost and low-weight parabolic-dish solar concentrators.
The aforementioned advantages of solar-dish concentrators are achieved via a special manufacturing method using a precision parabolic dish mold with distant stems installed on the convex surface of the mold. This design permits us to approximate the parabolic-dish surface with triangular flat mirrors that are placed with their vertices on the distant stems of the mold.
There are various proposals for fabricating a parabolicdish solar concentrator from numerous flat mirrors. One such scheme is shown in Figure 2 . The solar concentrator contains numerous small, flat triangular mirrors; a parabolic support layer made from a composite material; and stiffness ribs pasted to the rear side of the composite support layer. The stiffness ribs are supported with rings pasted perpendicularly to the rear side of the parabolic composite layer. The solar concentrator contains a receiver for solar energy that is supported by special support bars at the focal distance from the parabolic dish. The receiver can contain a highconcentration photovoltaic cell, a collector for thermal en-ergy, or both. This chapter describes the design and manufacture of the flat-mirror concentrator. The manufacturing method employs a special mold with a precise convex parabolic surface.
Recently, several methods of mold-based manufacturing for parabolic-dish concentrators have been proposed [19] [20] [21] . A large solar concentrator was fabricated at the Australian National University [22] . This concentrator has a parabolic-dish support frame with a surface area of 20 m 2 . It contains approximately 2,300 flat mirrors pasted to the concave side of the support frame. The authors have proposed that the support frame of a flat-mirror solar concentrator be made as a truss structure [21, 23] . Such support frames are expensive, and the precise adjustment of the parabolic-dish surface with the flat mirrors is difficult. The simplest method for creating a flat-mirror concentrator is to construct a replica of the convex surface of a parabolic dish and paste to this surface numerous flat mirrors that approximate the parabolic shape of the concentrator. A parabolic satellite-television antenna can be used as a mold for the replica creation. The main drawback of this method is the loss of precision of the replica shape after the separation of the replica from the mold. The shape of the concentrator can be corrected after the gluing of the mirrors if the concentrator is clamped to the convex surface of the mold while the glue hardens. In this case, it is possible to obtain a high precision but not the precision of the mold.
Another method that permits us to obtain a concentrator precision almost equal to the precision of the mold is described in [19] . Here, three distant stems of equal height are pasted to the front surface of the flat triangular mirrors at each vertex ( Figure 3 ). Then, flexible strips (of paper, tissue, or fiberglass) are pasted on the back sides of the mirrors using epoxy resin. These strips are pasted in three different directions. After the hardening of the epoxy resin, the strips form a composite support layer for the flat mirrors that approximates the shape of the parabolic dish. Additional stiffness ribs can be glued on the convex part of the support frame if necessary.
The main drawback of this method is the large number of distant stems that must be manufactured for one concentrator. If the concentrator is intended to support a highly concentrated photovoltaic cell with a high concentration, it must contain approximately 2,000 flat triangular mirrors and thus, approximately 6,000 distant stems. This increases the cost of the concentrator. To avoid the high cost, we propose a new method for manufacturing the concentrator.
The main idea of the new method is to place another type of distant stem (mold distant stems) on the convex side of the mold instead of the vertices of the triangular mirrors of the concentrator ( Figure 5 ). The mold can be used to assemble many solar concentrators and after the distant stems are manufactured, it is not necessary to repeat the manufacturing process for each new concentrator. The mold distant stems can have a cylindrical shape with a height equal to that of the stems pasted on the triangular mirrors. The diameter of each stem is 2-3 times larger than the diameter of the mirror stem. Each stem is fixed with a fixture screw on the convex side of the mold at the location that corresponds to the junction of the six vertices of the neighboring mirrors. Therefore, each stem supports six mirror vertices. After the installation of all the mold distant stems, the parabolic surface formed by the outer ends of the stems can be corrected using a computer numeric control machine tool (milling machine tool or lathe). This procedure increases the precision of the mold.
Triangular mirrors are placed on the distant stems (Figure 5) . The front surface of each mirror is directed towards the convex mold surface. There are different methods for fixing the positions of the mirrors before the application of the flexible adhesive strips. The simplest method is to use the proper weights of the mirrors. Here, the whole area of the mirrors on the mold is outlined with special borders that are fixed to the convex surface of the mold. The mirrors are placed densely so that their borders touch, and they cannot change places after filling the entire area. Another method is to put glue on the borders of on the mirrors (approximately at the center of each border) in order to connect the mirrors in the process of their co-location. This method is less vulnerable to occasional movements of the mold that occur during assembly. Micro grooves can be formed on the borders of the mirrors to increase the strength of the glued connections. The third method employs an air flow that clamps mirrors to the distant stems. This air flow is created by a suction ventilator placed under the mold. The air pressure under the mirrors is low because of the holes in the mold. The third method provides better possibilities for clamping the mirrors to the mold during the hardening of the resin, increasing the precision. This method can be used jointly with the second one. An alternative method for clamping the mirrors to the mold is to use a sheet of elastic tissue for covering the mirrors during the hardening of the composite.
To create the composite layer on the back sides of the mirrors (Figure 6 ), different materials can be used.
The flexible strips can be made from paper, synthetic or natural tissues, fiberglass tissue, etc. While paper is the cheapest solution, paper-based composites tend to change shape under humidity. Fiberglass-tissue composites provide the best stability and rigidity but are expensive. To fill the composites, different polymer resins can be used. Epoxy resin has attractive properties, such as low creep during hardening, a high working temperature, and good adhesion; however, it is expensive. Cheaper resins can be used if the precision of the concentrator is not important.
The composite layer (Figure 2 ) is formed by successively pasting flexible strips in the three main directions of the concentrator. As a general rule, the width of the strip should cover one line of the triangular mirrors ( Figure 6 ). However, it is possible to use slightly wider strips, yielding overlap, or to use slightly narrower strips, yielding gaps.
If the rigidity of the concentrator requires improvement after the hardening of the composite layer, additional stiffness ribs ( Figure 7 ) can be installed on the back side of the composite layer.
One method for stiffness-rib co-location is shown in Figure 7 . Here, special rings are pasted at the locations where the vertices of the neighboring mirrors are jointed. The axis of each ring is perpendicular to the composite layer. The ring contains vertical slots for connecting the stiffness ribs (Figure 8 ).
All the stiffness ribs are glued to the composite layer and to the vertical rings. In Figure 7 , the length of the stiffness rib L and the length of the mirror side a are shown. The relationship between these values is given by the following equation:
When n > 1, not all the joints of the vertices contain connection rings ( Figure 7 ). Different designs can be used for connecting the stiffness ribs. One such design is shown in Figure 8 . Here, the connection ring has the shape of a hollow tube with six slots in the upper end. Each stiffness rib has two lugs that can be introduced to the slot of the two rings and pasted there during the concentrator assembly. The stiffness rib is glued to the rear surface of the composite layer.
Another design for the connection of the stiffness ribs is shown in Figure 9 .
In this case, each stiffness rib has two perpendicular plates pasted to the rib near its terminals (Figure 9, a) . Six neighboring stiffness ribs are installed in such a manner, such that all the perpendicular plates touch each other and are glued to each other (Figure 9, b) . Together, the plates form a hexagonal ring that serves as a support device for the stiffness ribs. As in the previous case, the stiffness ribs are glued to the rear surface of the composite layer.
This solar concentrator contains a solar receiver (Figure 10 ) that collects solar energy. Different devices can be used for this purpose. One version of the solar receiver is shown in Figure 11 . This receiver collects thermal energy that can be used directly for heating or can be supplied to heat engines to generate electricity. The receiver contains a support plate (Figure 11 ), a focal-position adjustment device, a base plate, and a thermal energy collector.
If the parabolic-dish concentrator is manufactured with precision, the shape of the focal light spot is a sixpointed star (Figure 10) . Thus, the shape of the thermalenergy collector is also a six-pointed star. This is ideal for heating applications but is not optimal for electricity generation, because the efficiency of the thermal solar electricity generator is lower than the efficiency of the concentrating photovoltaic cells.
In another type of receiver ( Figure 11 ), a highconcentration semiconductor solar cell is installed in the most illuminated area (Figure 11 ) of the receiver.
The illumination in the most illuminated area is twice as high as that in the less illuminated area. Highconcentration solar cells require equal distribution of the illumination throughout the active area; thus, it is worthwhile to place the semiconductor chip in the highly illuminated area, as shown in Figure 11 . It is also useful to use a homogenizer for the light, which can be implemented as a glass prism or a well from the mirrors. The entering solar beams are shown in Figure 11 .
The disadvantage of this type of receiver is the large portion of concentrated light (the most illuminated area and the less illuminated area) that is not used for energy generation. To avoid this drawback, we present a third type of concentrator, as shown in Figure 12 .
This concentrator contains a high-concentration semiconductor solar cell at the center of the base plate, a light homogenizer, and an outer thermal collector that has the shape of a six-pointed star and is located around the homogenizer (Figure 12) . The high-concentration semiconductor solar cell transforms solar energy from the highly illuminated central area with a high efficiency. The remaining solar energy can be used for heating or electricity generation with a moderate efficiency.
Automatic assembly system
In this work we use the results of our previous investigations [24, 25] . The scheme of automatic assembly system is presented in Figure 13 . It contains parabolic dish support plate that can rotate around the central point with precision of 0.1 mm for external circle. It rotates with stepping micro motor developed for our micro equipment technology (MET) [26] . The system has a micro manipulator that takes the flat mirrors from the feeder, moves it to the mirror placement position, orientate it, and place it on the corresponding position in support plate. All these operations are made under the control of computer vision system. For this purpose, two cameras are placed over the assembly devices (the cameras are not shown in Figure 13 ). The first camera is placed over the mirror take off position. The second camera is located over the mirror placement position. The system works as follows:
• computer vision system searches for flat mirror that can be taken from the feeder. For this purpose, the first camera is used; • manipulator transfers the mirror to the mirror placement position; • in this position of manipulator the computer vision system calculates three variables: ∆ϕ -the rotation angle of flat mirror needed to obtain correct orientation of this mirror, ∆y-the displacement in y direction needed to get correct mirror position on the support plate, ∆x-the corresponding displacement in x direction; • manipulator makes needed movements, put down the mirror and glues it; • after that the support plate is rotated to free placement position for the next flat mirror.
Recently, we made several investigations similar to described in this system. We adapt them for the system to be developed.
To implement the take off procedure it is necessary to recognize the object and its position. So, we have two tasks: object recognition and definition of its position. In our investigations we applied the Random Threshold Classifier (RTC); Limited Receptive Classifier (LIRA) or Permutation Coding Neural Classifier (PCNC) neural classifiers [27] .
The described automation focuses on the construction of the reflective surface. We suppose that: the facet support is previously constructed with the parabolic shape, and the triangular mirrors are in a container [28] (Figure 14 ). The automation that we describe in this work consists of a computer vision system, which can detect the positions of the mirrors in the container to enable a positioning system to take the mirrors and individually place them on the correct places over the mirror support.
Computer vision systems share a common structure, which is composed of: a webcam, which transforms images into a digital representation; a pre-processing stage, where we obtain the edges, brightness, contrast or any other important characteristic of images; a classifier, which processes the previously pre-processed information and is an artificial neural network in this case; classes of interest, which are the output of the classifier (Figure 15) . We expect to obtain four classes: background, edges, mirror and flip side mirror; or only two classes: background and mirrors. From these classes, we can calculate the mirror center. This computer vision system can be used by a robotmanipulator to take one mirror at each moment. We think that this manipulator can have an inlet or air intake. The mirror can adhere by suction to the manipulator and can be transported to the support frame of the solar concentrator. In this study, we will describe the RTC structure.
The proposed neural classifier is a random threshold classifier (RTC). The RTC is an artificial neural network that has been successfully used to recognize metal textures. Three texture types ( Figure 16 ) were used, and the recognition rate of 79.9% was obtained [29] . The RSC (random subspace classifier), which is a version of the RTC, was used.
These results were significantly improved up to 99.8% using the LIRA (Limited Receptive Area) neural classifier [30] . Now, we will explain the structure of the RTC, which is shown in Figure 17 .
The RTC consists of S blocks, each of which has as an input with n features (X1, X 2 , . . . , Xn) and an output, which is a neuron (b). Every feature X i is an input of a pair of neurons: h i and l i . h and l are neuron thresholds, i.e., these neurons have one input and one output. The output of the l and h neurons is 1 if the input value is more than the threshold level and 0 otherwise. The threshold values of these neurons are randomly selected, and one condition must be satisfied: threshold l must be less than threshold h. The output of every pair of threshold neurons is connected to an a neuron. l is connected with the excitatory input, and h is connected with the inhibitory input. Because of these connections, the output of a neuron is 1 only if the input value of the feature is between the threshold levels l and h. The output of every a neuron in each block is connected with the inputs of b neuron. The output of b neuron is 1 only if all inputs are 1. Finally, the outputs of the b neu- The inputs of the RTC (X1, X 2 , . . . , Xn) are histograms of brightness, contrast and orientation of previously detected contours. The artificial neural network must be trained to detect the desired objects and features. The image sets are prepared for the training and recognition stages. The images of a set contain triangular mirrors in the container. To train the classifier to detect the edges, a training dataset is prepared, where the edges of the triangular mirrors are underlined, as shown in Figure 18 . These marked images are presented to RTC, and for every image, RTC must adjust the weights of the trainable connections. The training stage finishes when we have a local minimum of errors or after a definite number of training cycles.
When RTC recognizes the mirror in the image, we can calculate its coordinates and center of mirror for the manipulator.
If we have the position of the points that conform a mirror, the center can be calculated using a general equation of a figure with n points at positions x i :
If we have the corners, this equation can be simplified, and the center triangle is easily calculated with the corner coordinates (x i ,y i ) as follows:
There are two cases to consider for the calculation: 1) the centers of all triangles were detected, and one was selected; or 2) we calculated the center of the first mirror that the system detected. The first case implies more calculation but can make the classification easier if we have more information. The second case implies less calculation; however, because the manipulator takes the mirrors individually, and the position of the mirrors may change, this method is simpler.
Conclusion
Co-location of solar-energy devices in agriculture fields permits us to improve land use and to obtain solar energy and agriculture crops from the same terrain. To obtain the maximum advantages from such a co-location, it is necessary to select agricultural cultivars that are resistant to reduced illumination and to develop solar-energy devices that generate a minimum shadow area and produce the maximum amount of solar energy. Such devices can be made using solar-energy concentrators that can provide an energy output with a value that is 30-40% of the total solar energy. Additionally, the posts that support the solar concentrators can be used for devices that collect rainwater in arid and semi-arid regions. The flat-panel photovoltaic provides advantages for rainwater-collection devices because the large surface area is effective for collecting rainwater. Parabolic dish solar concentrators have many advantages in solar thermal power plant creation, but usually they have elevated cost, especially when they use shaped mirrors. It is possible to decrease this cost using small flat mirrors (facets) to approximate parabolic dish surface. In this case the cost of materials mainly depends on the size of parabolic dish concentrator. If the size if the dish has the order of magnitude of several meters the cost of materials is slightly less than the cost of the shaped mirrors, but is elevated indeed (for example, 50 USD per square meter). For additional decreasing of material cost it is possible to scale down parabolic dish concentrators. If the diameter of concentrator is decreased till 0.5 m the material cost may decrease down to 5 USD per square meter, but the labor cost during the scaling down grows very fast. To decrease the labor cost, we need to automate this process. At present we develop the automaton system based on computer vision technology.
We proposed a new method based on neural networks for mirror detection in images. We use a supervised extreme training for our neural classifier. We described the structure and method of the RTC neural classifier that was previously used for metal texture recognition. The problem of mirror recognition is presented as a texture recognition task. In the metal texture recognitions, we obtained a recognition rate of almost 80%. In our task from 89% till 95% of correct recognition was obtained.
The strong lightweight material for facet support frame is developed. This material can be used for other constructions as well.
